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ABSTRACT 
Effect of Toxaphene on Collagen Synthesis in Fish 
Tissue: Organ Culture Studies and Prolyl 
Hydroxylase Activity Assay 
by 
Charles Franklin Luke, Master of Science 
Utah State University, 1981 
Major Professor: Dr. Joseph C. Street 
Department: Graduate Program in Toxicology 
vi i 
Toxaphene is reported to cause defects in the collagen of fish. 
Chronic exposure to toxaphene weakens the backbone of fish by 
decreasing the amount of collagen and usually increasing the amount 
of calcium in the bone which results in a more brittle and fragile 
bone. 
We investigated the possible direct action of toxaphene on 
collagen synthesis by exposing vertebral and swim bladder organ 
cultures obtained from unexposed rainbow trout (Salmo gairdneri) 
fingerlings to the same lot of toxaphene found to cause this defect 
in vivo . Collagen produced by these organ cultures was measured by: 
(1) Total 3H-proline incorporated into the matrix; (2) 3H-proline 
released during collagenase digestion of acid-precipitated protein; 
(3) 3H-hydroxyproline extracted from the acid hydrolysate, and (4) 
tritiated water produced during the hydroxylation of 4-3H-proline. 
At a relatively high concentration of toxaphene (2.4 mM) these 
viii 
indices of collagen production were reduced, but this was probably 
caused by a decrease in tissue viability rather than by a direct 
affect on collagen synthesis. At 240 ~ cellular protein synthesis 
was reduced. Generally no effects were found at toxaphene concentra-
tions below 240 pM. From these studies it was concluded that toxa-
phene does not have a direct inhibitory effect upon collagen pro-
duction at the tissue level. 
For comparison to the in vitro experiments, the weight, length, 
and vertebral prolyl hydroxylase activity of fish exposed for 60 days 
to toxaphene in v ivo were measured. All three of these parameters 
were significantly reduced in comparison to controls (a = 0 . 05) in 
those fish exposed to the highest concentration of toxaphene (200 
ng/1). Fish exposed to 150 ng/1 toxaphene also had reduced prolyl 
hydroxylase activity. These results indica ted that vertebral 
prolyl hydroxylase ac tivity may be a sensitive indicator of toxa-
phene exposure in fish, and inhibition of that enzyme may be 
involved in the mechanism of toxaphene-induced collagen defects. 
(63 pages) 
INTRODUCTION 
Toxaphene is a chlorinated hydrocarbon insecticide made up of 
175 isomers, most of which are polychlorobornanes (c10H18_nCln). 
Although it has been registered for use on many agricultural com-
modities, 70-90% of all toxaphene used in the USA is applied to 
cotton (Korte, Scheunert, and Parlar, 1979). Because most-of the 
cotton is grown in the lower Mississippi Valley, high toxaphene 
residue levels are found there. Nicholson et al. (1964) found 
residue levels of up to 410 ng/1 in an Alabama stream. 
Mayer, Mehrle, and Dwyer (1975) and Mayer, Mehrle, and Dwyer 
(1977) reported on the effects of chronic toxaphene exposure on 
brook trout, channel catfish, and fathead minnow. Many of the 
exposed fish had vertebrae which lacked collagen and hydroxyproline 
and c ontained a higher than normal content of calcium. 
The mechanism by which toxaphene decreases the amount of ver-
tebral collagen is unknown. However, at least two general hypo-
thesis have been developed: (1) that toxaphene inhibits collagen 
synthesis through a direct mechanism such as inhibiting one of the 
many enzymes involved in collagen biosynthesis, and (2) that 
toxaphene interferes in some way with normal ascorbic acid use or 
metabolism producing localized or generalized ascorbic acid deficiency 
which thereby impairs collagen synthesis. 
The purpose of this study was to examine the hypothesis that 
toxaphene inhibits collagen synthesis directly. Many different 
chemicals inhibit normal collagen synthesis by inhibiting one or 
2 
more of the enzymes involved (see Review of Literature). The 
present study was based on the use of vertebral organ cultures. 
Bone organ cultures have been used to study bone metabolism (Flanagan 
and Nichols, 1962; Bingham and Raisz, 1974), hormonal interactions 
(Dietrich et al., 1976; Canalis et al. 1977a; Canalis et al., 
1977b; and Canalis and Raisz, 1978), and the effect of lead 
(Rosen and Wexler, 1970). 
In this study, vertebral columns from rainbow trout (Salmo 
gairdneri) were incubated in media containing 3H-proline and toxaphene. 
The amount of collagen synthesized during this incubation was measured 
four ways: (1) incorporation of 3H-proline into bone matrix, (2) pro-
duction of tritiated water f rom prolyl hydroxylation, (3) appearance 
of 3H-hydroxyproline in tissue proteins, and (4) 3H-proline released 
from tissue proteins during collagenase digestion. 
For comparison, rainbow trout were exposed in vivo to toxaphene 
for 60 days in a proportional diluter system then assayed for 
vertebral prolyl hydroxylase activity. 
REVIEW OF LITERATURE 
Nature, Use , and Persistance of Toxaphene 
Because the chemistry, toxicity, use, metabolism, and environ-
mental degradation of toxaphene has recently been reviewed by 
Korte, Scheunert, and Parlar (1979), these aspects of toxaphene 
will only be briefly reviewed. 
Composition and use 
Toxaphene, a chlorinated hydrocarbon insecticide produced by 
chlorinating technical grade camphene (Korte, Scheunert, and Parlar, 
1979) , is a complex mixture of at least 175 c10-polychlorinated com-
pounds, mostly polychlorobornanes, having empirical formulas of 
c10HlS-nCln (Casida et al., 1974). Korte, Scheunert, and Parlar 
(1979) stated that toxaphene was first developed in 1945 by Hercules 
Inc ., USA, and now it is one of the most widely used insecticides in 
the U.S. Most of the toxaphene (70-90%) is a~plied to cotton 
(Korte, Scheunert, and Parlar, 1979). 
Persistancy of toxaphene 
Mayer, Mehrle, and Dwyer (1975) cited many references as 
stating that toxaphene degrades rapidly (within a few weeks) in 
shallow lakes but very slowly (5 years or longer) in deep, biologically 
sparse lakes, 
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Toxaphene residues in water 
Korte, Scheunert, and Parlar (1979) stated that toxaphene 
applied to the soil as an insecticide may enter the water via surface 
runoff of sediment . Nicholson et al. (1964) f ound water concentra-
tions of 7 to 410 ng toxaphene/! in an Alabama stream. 
Chronic Exposure Studies 
Mayer, Mehrle, and colleagues at the National Fisheries Research 
Laboratory in Columbia, Missouri performed chronic exposure studies, 
initially on brook trout (Salvelinus fontinalis) and l a ter on fathead 
minnow (Pimephales promelas) and channel catfish (Ictalurus punctatus). 
The fish were exposed to toxaphene in a proportional diluter system . 
Mortality, growth, and reproduction were monitored and vertebral 
collagen and hydroxyproline measured. 
Mayer, Mehrle, and Dwyer (1975) reported that brook trout 
exposed to 288 and 502 ng/1 toxaphene were smaller than controls. 
Most of the fish in these two groups later died during spawning, 
probably because of the added stress of spawning . Toxaphene reduced 
the number of eggs spawned and also decreased egg viability . A 
toxaphene concentration of only 39 ng/1 reduced the amount of 
vertebral collagen in these trout, while the vertebral calcium and 
phosphorus concentrations increased resulting in an increase in the 
mineral:collagen ratio. 
Fathead minnows exposed to toxaphene for 150 days were signifi-
cantly smaller than controls, even at a concentration of 55 ng/1 
(Mehrle and Mayer, 1975b). As found in the brook trout studies, the 
collagen content of the vertebrae was decreased while the calcium 
con tent i ncreased. The amino acid composition of the vertebral 
collagen changed. When exposed minnows were subjected to electric 
shock, their backbones broke while the backbones of control minnows 
did not. From these findings, the authors concluded that the 
increased mineral content in comparison to collagen caused the 
backbones of these fish to become brittle and fragile . 
Adult channel catfish seemed to be the most resistant to the 
effects of toxaphene; however, exposure to 630 ng/1 toxaphene 
affected their reproduction (Mayer, Mehrle, and Dwyer, 1977) . 
For a more detailed summary of these chronic studies, see 
Mayer and Mehrle (1977). 
The ascorbic acid deficiency hypothesis 
Mehrle and Mayer (1975a) hypothesized that toxaphene exposure 
brought about decreased collagen content by altering ascorbic acid 
(vitamin C) metabolism. Ascorbic acid is required for normal 
collagen production and is also required for enzyme induction to 
take place. Mehrle and Mayer postulated that when the fish were 
exposed to toxaphene there was an increased use of ascorbic acid by 
the liver to detoxify toxaphene, causing a functional deficiency of 
ascorbic acid in the vertebrae which resulted in reduced col l agen 
syr.thesis . 
5 
Findings supportive of this hypothesis. After postulating this 
hyrothesis, it was tested in various ways . The fol l owing are findings 
which support this hypothesis. 
6 
Mayer, Mehrle, and Crutcher (1978) reported a study in which 
fingerling channel catfish were exposed to 0, 37 , 68, 106, 218, or 
475 ng/1 toxaphene while fed diets containing 63, 670, or 5,000 mg/kg 
ascorbic acid. The vertebral collagen content was reduced in most 
of the toxaphene exposed groups which were also fed the 63 mg/kg 
ascorbic acid diet. Fish fed 670 mg/kg were able to tolerate up to 
68 ng/1 toxaphene without having reduced vertebral collagen content. 
Fish receiving the 5,000 mg/kg diet tolerated up to 218 ng/1 
toxaphene without showing this effect. 
In this same study, ascorb ic acid levels of both the liver and 
the vertebrae were measured. The ascorbic acid level in the vertebrae 
decreased as toxaphene increased, while the liver ascorbic acid 
level either remained the same or slightly increased. Although this 
was not dose-related within the imits of the study, they concluded 
that these findings generally supported the hypothesis. Whether the 
"ascorbic acid decrease" represents an ascorbic acid depletion or 
merely a change in the ratio of ascorbate-reduced to ascorbate-
oxidized has not been established . 
Mayer, Mehrle and Schoettger (1977) r eported finding that 
Aroclor 1254, a chlorinated hydrocarbon, affected vertebral collagen 
and hydroxyproline contents similar to toxaphene, while the dimethyl-
amine salt of 2,4-D (2,4-D DMA) and di-2-ethylhexyl phthalate (DEHP) 
did not. They speculated that Aroclor's metabolism was similar to 
toxaphene's and that the metabolism of these chemicals caused a 
functional deficiency of vertebral ascorbic acid which resulted in 
decreased collagen. 
Fish fed diets devoid of ascorbic acid develop pathological 
conditions similar to those found in fish chronically exposed to 
toxaphene, i . e ., twisted and sometimes broken backbones and decreased 
vertebral collagen and hydroxyproline content (Wilson and Poe, 1973). 
The main weakness of the hypothesis is that it is based on the 
assumption that either ascorbic acid is consumed or possibly the 
ratio of reduced ascorbate to oxidized ascorbate is being changed 
during the detoxification of toxaphene in the liver, and this has 
yet t o be proven. 
Street and Chadwick (1975) found that ascorbic acid was 
required in the diets of guinea pigs in order for enzyme induction to 
take place . They also showed that the excretion of ascorbic acid and 
glucar ic acid was increased in mammals given inducing agents. It 
appears that the metabolic pathway leading to the synthesis of 
ascorbic acid was stimulated by inducing agents. 
Zannoni and Lynch (1974) reported that ascorbic acid deficiency 
decreased the electron transport components of cytochrome P- 450, which 
may be the result of a change in the membrane of the microsomes and 
that the reversal of the effects of ascorbic acid deficiency on 
cytochrome P-450 required 6- 10 days, which probably was due to the 
time required to synthesize new liver microsomal protein. Zannoni 
and Sato (1975) concluded that ascorbic acid was probably needed 
fo r the production of new protein and membranes for the microsomes. 
They also s tated that ascorbic acid was probably needed to maintain 
the microsomes in some way. Whether or not ascorbic acid is somehow 
consumed during these processes is not known. 
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Mehrle , et al. (1979) reported on a s tudy in which black ducks 
(Anas rubripes) were fed diets containing 0, 10, or SO ~g toxaphene/g 
food for 90 days prior t o laying, and remained on this same diet 
through their reproductive season. Ducks are capable of synthes i zing 
ascorbic acid, but the cervical vertebra of the offspring of the 
ducks fed SO ~g/g had significantly less collagen than controls. 
The authors postulated that possibly the ducks were not capable of 
s ynthesizing enough ascorbic acid to meet the dual demands of 
toxaphene detoxification and vertebral collagen synthesis. However, 
this explanation has no t been s ubstantiated . 
Rationale for This Project 
Investigation of enzyme inhibition 
Col l agen is a very complex molecule which requires numerous 
posttranslational r eactions for its synthesis. Most of these 
reactions require specific enzymes and may be inhibited by specific 
inhibitors . Table 1 shows the steps and enzymes involved in post-
translational pr oduct ion of collagen and the various inhibitors of 
these steps. With the grea t number of different e n zymes i nvo l ved 
and the great variety of different reactions taking place, toxaphene 
could possibly inhibit normal collagen synthesis by inhibit ing one or 
more of these s teps. 
Use of bone organ cultures 
Flanagan and Nichols (1962) performed pulse-chase experiments 
us i ng bone fragmen t s from the femur and t ibia of rats. They were 
Table 1. Posttranslational Steps of Collagen Synthesis 
a Step 
Hydroxylation 
of the y- carbon 
of proline 
Hydroxylation of 
the y-carbon 
of lysine 
Mechanism of 
Action 
One oxygen atom 
from o2 goes to 
a-ketoglutarate 
which then de-
carboxylates to 
succinate. 
The other oxygen 
atom goes to 
prolyl in the 
preprocollagen 
moleculeb 
h 
Enzyme 
Prolyl hydroxy-
lase8 
Lysyl hydroxy-
lase8 
Site of Enzyme 
or Reaction8 
Endoplasmic 
reticulum 
Endoplasmic 
reticulum 
Inhibitors 
1. Heavy metalsc: 
cd2+ ng2+ Pb2+ 
Pt2+ 
2. Metal chela-
tors: 
hydralazined 
diphenylhydan-
toine 
3. Inhibitors of 
superoxide: cu2+ 
active copper 
chelatorsf 
superoxide 
dismutasec 
cateching 
h 
Mechanism of 
Inhibition 
1. Binds to the 
sulhydryl active 
site which binds 
a-ketoglutarate 
2. Chelates Fe2+ 
3. Reacts with 
superoxide pro-
duced during and 
needed for hy-
droxylation 
h 
Table 1. (Continued) 
a Step 
Conjugation of 
hydroxylysyl 
residues with 
galactosyl 
units 
Conjugation of 
galactosyl hy-
droxylysyl resi-
dues with glu-
cosyl units 
Formation of 
disulfide bond 
and triple 
helix 
Mechanism of 
Action 
Galactosyl units 
from UDP- galac-
tose are trans-
ferred to some 
of the hydroxy-
lysyl residuesa 
Glucosyl units 
from UDP- glucose 
are transferred 
to some of the 
galactosyl-
hydroxylysyl 
residues 8 
Cysteine resi-
dues at the N-
terminal and c-
terminal ends 
react to form 
disulfide bonds 
which causes 
the triple 
helix to form 
Enzyme 
Galactosyl 
transferase8 
Glucosyl 
transferase8 
Unknown 
Site of Enzyme 
or H.eactiona 
Lumen of 
endoplasmic 
reticulum 
Lumen of 
endoplasmic 
reticulum 
Lumen of 
endoplasmic 
Inhibitors 
Chela tors i.e. 
hydralazinec 
Unknown 
Mechanism of 
Inhibition 
Chelates Mn2+ 
i 
Unknown 
..... 
0 
Table l. (Continued) 
Mechanism of 
Step a Action Enzyme 
Packaging and Procollagen is Unknown 
secretion transferre d to 
the golgi com-
plex where it 
is packaged and 
secreted by exo-
cy tosis8 
Proteo l ysis of N-terminal and Procollagen 
procollagen to C-terminal ends N- peptidasej 
collage n are cleaved off Procollagen 
of procollagenj C-peptidasej 
Oxida tive £-amino group Lysyl oxidasea 
de amina tion from lysyl and 
hydroxylysyl 
residues are 
removed pro-
ducing an 
aldehydek 
Site of Enz>']l'e 
or Reaction I nhibitors 
Golgi complex Unknown 
and then to 
cell membrane a 
Extracellular Unknown 
Extracellular l. a-aminopro-
pionitrile 
sernicarbazidec 
2. Hg2+ cd2+ c 
Hechanism of 
Inhibition 
Unknown 
Unknown 
l. Unknown 
2. Reacts with 
sulfhydryl 
groupsC 
,... 
,... 
Table 1. (Continued) 
a Step 
Cross-linking 
of fibrils 
a . 
Minor (1980) 
Mechanism of 
Action 
Aldehyde group 
from the de-
aminated lysyl 
and hydroxylysyl 
residues under-
go aldo 1 con-
densation, Schiff 
base react ions, 
etc . Binds 
collagen mole-
cules into k 
collagen fibers 
bCardinale and Udenfriend (1974) 
cBhatnager and Hussain (1977) 
dBhatnager et al. (1972) 
eLiu and Bhatnager (1973) 
fMyllyla et al. (1979) 
Enzyme 
Probably mostly 
non-enzymaticc 
gLonati-Galligani, Galligani, and Fuller (1979) 
Site of EnzYJ\'e 
or Reaction 
Extracellular 
Tnhibitors 
Penicillamine c 
Mechanism of 
InhJ.bition 
Interacts with 
lysine derived 
carbonyl sitesc 
hLysyl hydroxylase is structurally and .functionally very similar to prolyl hydroxylase and can be 
inhibited by the same cheml.calsc 
>-' 
N 
Table l. (Cont i nued) 
iGlucosyl transferase is very similar to galactosyl transferase 
jBornstein (1974) 
kMetzler (1977) 
.... 
w 
14 
able to follow the 14c-proline f r om the media into the cell and then 
into the collagen fraction of the matrix. 
Canalis et al. (1975), Dietrich e t al. (1976), Canalis et al. 
(1977a), Canalis et al. (1977b), and Canalis and Raisz (1978) 
reported the effects of various hormones on bone cultures obtained 
from embryonic rats. The hormones tested included insulin, gluca-
gon, parathyroid hormone, calcitonin, somatomedin, growth hormone, 
and sex steroids. By using these cultures, a grea t deal was 
learned about hormonal effects on bone metabolism. 
Bhatnagar et al . (1972) cultured chick tibiae in media con-
taining hydralazine, an iron chelator, and found that the collagen 
synthesized lacked hydroxyproline. In a similar study, Rapaka 
et al. (1976) found that this collagen also lacked hydroxylys ine, 
and tha t th is collagen was not secreted into the extracellular matrix 
but was retained in the cells. 
Hussain, Belton, and Bhatnagar (1977) reported that the toxic 
response exhibited by lung organ cultures was very similar to 
expected response in vivo . Chemicals, such as paraquat (Greenberg, 
Lyons, and Last, 19 78) and bleomycin (Phan, Thrall, and Ward, 1980) 
which cause fibrosis in vivo st imulated collagen synthesis in lung 
organ cultures. Heavy metals and hydralazine, which induce disease 
states characterized by decreased collagen content in vivo, decreased 
collagen synthesis in vitro (Hussain, Belton, and Bhatnager, 1977) . 
From the hormonal and hydrala zine studies done on bone organ 
cultures, it appears that these cultures also mimic expected in 
v ivo responses. 
15 
Organ cultures enable the researcher to control the environment 
and thus eliminate many unwanted variables (S·harp, 1977). The use 
of bone cultures in this project enabled the control of the tissue 
levels of ascorbic acid and toxaphene, hormonal effects, etc. 
MATERIALS AND METHODS 
Materials 
A list of chemicals used in these experiments is given in 
A>pendix A. 
Organ Cultures 
Preparation and incubation 
16 
Experimental animal. Rainbow trout (Salmo gairdneri) were 
rutained from the State of Utah's Wildlife Resources Fisheries 
Etperimental Station in Logan, Utah. Each fish weighed approximately 
5 g (although weight varied considerably). All were younger than 
Ole year . 
Removal of vertebral column . Live trout were decapitated, and 
tte vertebral column r emoved by dissection. Care was taken during 
t1ese steps to insure that the entire column was removed. All 
~sible muscle, spinal chord, spines, and blood were scraped from 
tte vertebrae. The vertebrae were washed once in 0.9% NaCl, minced, 
a1d randomly assigned to the various treatment groups . 
Removal of swim bladder. After decapitating the fish, the swim 
hladders were removed, washed, and randomly assigned to various 
eeatment groups . 
Incubation of organ cultures. The entire organ (swim bladder or 
~rtebral column) was placed in a 20 ml scintillation vial containing 
lml media or test chemical dissolved in media and then incubated at 
17 
room temperature or 28° C for 18 hr in a Dubnoff Metabolic Shaking 
Incubator oscillating 100 times per minute. Most of the incubations 
were done in a 95% 02-5% co2 atmosphere. After incubation, the 
tissue was washed, dried, weighed, and analyzed for collagen content. 
Media. There were two types of media used: BGJb (Biggers, 
Gwathin, and Heyner, 1961) and MEM (Eagle, 1959). The medias were 
supplemented with (1) an antibiotic : either a penicillin-streptomycin 
combination or gentamicin (Sharp, 1977), (2) hepes buffer (Sharp, 
1977), (3) ei ther fetal calf serum (FCS) or bovine serum albumen 
(BSA) (Bingham and Raisz , 1974), (4) dimethylformamide (Desi e t al., 
1977), and (5) 4- 3H-proline (specific activity 15.6 Ci/mmole) or 
2,3- 3H-proline (specific activity 20 Ci/mmole). 
Methods of analyzing for 
collagen synthesis 
Incorporation of 3a - proline into bone matrix. This method was 
a modification of the method published in Flanagan and Nichols (1962). 
Basically, the cellular fraction was extracted from the matrix by 
incubating the tissue in 0.1 N NaOH for 20 hr. The cellular fraction 
is soluble in NaOH, but the matrix is no t. 
The protein of the cellular fraction was precipitated by 
adding an equal volume of 10% trichloroacetic acid (TCA) and washed 
once with 5% TCA. The matrix and the cellular fraction protein were 
solubi l ized by incubating for 3 hr at 70° C in perchloric acid and 
hydrogen peroxide (Mahin and Lofberg, 1966), and then the radio-
activity was measured using a Packard Liquid Scintillation Counter. 
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Flanagan and Nichols (1962) reported finding that: (1) all of 
the DNA and most of the polysaccharides were in the cellular fraction; 
(2) the collagen fraction (matrix with the salts removed) had the 
same content of proline, hydroxyproline, and nitrogen found in 
the "pure" collagen isolated by other researchers; and (3) as stated 
in the literature review, pulse chase experiments showed that 
14
c-proline traveled from the media to the cellular fraction and 
then to the collagen fraction. They concluded, therefore, that 
the 11 cellular" fraction contained mostly cellular material and 
that the "collagen" fraction contained mostly collagen. 
Production of tritiated water from prolyl hydroxylation. The 
hydroxylation of prolyl residues in the procollagen molecule involves 
the displacement, usually on carbon 4, of the hydrogen atom which is 
trans to the carboxyl group of proline. This displaced hydrogen is 
released in a form which equilibrates with water (Hutton, Tappel, 
and Udenfriend, 1966). This method measured the amount of tritiated 
water produced during the incubation. The analysis was based on 
the assumption that if the incubation time was short enough, the 
tritiated water produced while vertebrae were incubated in media 
containing 4-3H-proline would be proportional to the degree of 
hydroxylation which took place. 
The basic procedure consisted of acidifying the media with 
TCA (5% final concentration) immediately after incubation. After 
centrifuging the samples, the resultant supernate was run through 
a (washed, H+) Dowex-50 column (Peterkofsky and DiBlasio, 1975). 
The pellet was washed with 5% TCA and centrifuged. The supernate 
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from this wash was also run through the column. An additional 0.5 ml 
of 5% TCA was run through the column to wash out remaining tritiated 
water. Fluid remaining in the column was blown out. The effluents 
from the original and all the washings were collected together and 
counted. 
Appearance of 3H-hydroxyproline. In animal tissues, hydroxyproline 
is found almost exclusively in collagen and elastin. The hydroxy-
proline content in elastin is only 1/10 that found in coll agen; 
therefore, in tissues that consist primarily of collagen, hydroxy-
proline content is a very good indicator of collagen (Mayer, Mehrle, 
and Dwyer, 1975). 
The amount of tritiated hydroxyproline produced was measured by 
Rojkind and Gonzalez's method. Rojkind and Gonzalez (1974), by 
combining methods of Peterkofsky and Prockop (1962) and Woessner 
(1961), were able to effectively separate 14c-proline and 
14
c-hydroxyproline with yields of 72.4% ± 2.3 and 59.4% ± 1.4, 
respectively. Only 1.1% of the proline was extracted out in the 
hydroxyproline fraction, and 1.3% hydroxyproline in the proline 
fraction. 
The method of analysis consisted of hydrolyzing the tissue 
with perchloric acid, neutralizing the acid with NaOH, and then 
oxidizing the samples with chloramine-T. The residues derived from 
the oxidation of proline were extracted out with toluene. The 
samples were then boiled to convert the oxidized products of hydroxy-
proline into pyrrols which were then extracted out with toluene. 
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3H-proline released from tissue protein during collagenase 
digestion. Collagenase, a specific enzyme for collagen, only acts 
upon pr oteins which contain the sequence R-Pro-X-Gly-Pro, cleaving 
betveen the X and the Gly. This sequence is found almost exclusively 
and with gr eat frequency in collagen. Peterkofsky and Diegelmann 
(19 71), looking at the feasibility of using collagenase as a way of 
measuring the amount of collagen produced, found that the lot of 
comnercial collagenase they were using contained two non-specific 
pro:eases. One of the proteases contained a sulfhydryl group at its 
act ive site, which they found could be inhibited by adding N-
eth?lmaleimide to the collagenase solution. The second non-specific 
pro:ease actively digested casein. They recommended chromatographic 
purcfication of commercial collagen to remove the second protease 
and the addition of N-ethylmaleimide to the collagenase solution to 
inhlbit the first protease. Sigma Chemical Company now provides a 
chnmatographically purified collagenase which will not digest casein. 
The procedure used in this study was a modification of the one 
rep>rted by Peterkofsky and Diegelmann (1971). After incubation 
of :he tissue in media or media containing toxaphene, the tissue 
(sell in media) was homogenized and the media made 5% in TCA. 
Aft•r centrifuging, the supernate was removed and the tissue washed 
wit• 5% TCA. 
The TeA-precipitated protein was dissolved in 0.1 N NaOH, and 
the1 1 N HCl was added to neutralize the acid. Hepes buffer (pH 
7. 21 was added, followed by 0.5 ml collagenase solution containing 
47 1nits/ml collagenase, 0.5 ml mM CaC12 , and 2.5 mM N-ethylmaleimide. 
The samples were incubated for 4 hr at 37° C and vortexed every 
15 min . The non-collagenase digestible protein was precipitated by 
adding an equal volume 10% TCA followed by centrifugation. The 
supernate was counted. 
Prolyl Hydroxylase Activity of Fish 
Exposed in vivo to Toxaphene 
Exposure of f ish 
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Fingerling rainbow trout were exposed for 60 days to 0, 36, 47, 
63, 84, 112, 150, or 200 ng/1 toxaphene in a proportional diluter 
system at the National Fisheries Research Laboratory in Columbia, 
Missouri. The method of exposure was identical to that reported in 
Mayer, Mehrle, and Dwyer (1977). The whole fish was frozen and shipped 
in dry ice . They remained frozen until the day of the assay, at 
which time they were thawed and the vertebrae removed . 
.!'.!:9.17..!. hydro~las"-assay 
The prolyl hydroxylase assay in this study was a modification 
of Peterkofsky and DiBlasio (1975). 
Preparation of substrate. Substrate was prepared from fish 
tissue (using swim bladders from 120 fish and vertebral columns 
from 30) or from 16 day old chick embryos (using the frontal bone 
from 160 embryos). The tissues were incubated in MEM media con-
taining the following additions: 200 ~g/ml gentamicin, 20 mM hepes 
buffer, 10% FCS, 1 . 11 mg/ml sodium bicarbonate, 5 mM a,a ' -dipyridyl, 
and 80 ~Ci/ml 4-3H- proline. The samples were incubated at 28.5° C 
for 4 hr in a 95% o2-5% co2 atmosphere. The vials were then placed 
on ice and cooled. The media was removed, and the tissues were 
washed with 0.9% NaCl, homogenized in 24 ml of 0.5 N acetic acid 
using a hand-held tissue grinder and then stored overnight in 
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the refrigerator. The supernate from a 20,000 g, 30 min centrifuga-
tion was dialyzed for 24 hr against 1 liter of 0.4 M NaCl-0.1 M 
tris- HCl, pH 7.6, with the outside fluid being changed every 6 hr . 
After the 4th change, 176 mg/ml ammonium sulfate was dumped into 
the outside fluid causing the protein in the dialysis bag to slowly 
precipitate over a 2 day period. The contents of the dialysis bag 
were poured into a centrifuge tube and then centrifuged at 20,000 g 
for 30 min at 4° C. The precipitate was dissolved in 5 ml of 0.2 M 
NaCl-0.5 M tris-HCl and dialyzed overnight against this buffer. 
The content of the bag was placed in a centrifuge tube and incubated 
at 28.5° C for 1 hr to allow fibril formation of unlabelled "soluble" 
collagen. The substrate was centrifuged at 20,000 g for 10 min at 
room temperature. More 0.2 NaCl-0.05 tris-HCl buffer solution was 
added to give a Lowery measurable protein content (Shatkin, 1969) of 
200 ~g/ml in the chick embryo substrate and 300 ~g/ml in the fish 
tissue substrate. The substrate was frozen until the day of use at 
which time it was thawed and then denatured by incuba t ing it for 15 
min at either 28.5° C for fish tissue substrate or 37° C for chick 
embryo substrate. 
Preparation of crude enzyme extract . The vertebral columns from 
3 to 5 fish were pooled together and washed in 0.9% NaCl. After 
blotting them dry they were weighed and homogenized at approximately 
0° C in 0.05 M tris HCl-0.1 mM dithiothreitol at a volume giving a 
f inal concentration of 300 mg/ml. The homogenate was centrifuged 
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a: 25,000 g for 20 min and the supernate used as the enzyme extract. 
Preparation of the cofactor solution. The cofactor solution was 
prepared fresh daily to give a concentration in the incubation mixture 
o: 40 mM tris HCl, 1.0 mM ascorbic acid, 1.0 mM a-ketoglutaric acid, 
0 .2 mM ferrous ammonium sulfate, 0.4 mg/ml catalase, 2.0 mg/ml 
bovine serum albumen (BSA), and 0.5 mM dithiothreitol. The pH of 
t he solution was 7.6. 
Incubation. The incubation mixture consisted of 20 ~1 substrate, 
50 ~ 1 enzyme extract, and 30 ~1 cofactor solution. The samples 
were incubated in a 100% o2 atmosphere for 30 min at 28.5° C using 
a s haking water bath. The incubation was stopped by placing the 
samples in ice. One and one-half rng BSA was added to each tube, 
and 10% TCA was added to give a final concentration of 5% TCA. After 
centrifugation, the supernate was run through a Dowex-50 column. 
The pellet was washed, the supernate from this wash run through the 
column, the columns washed, and the remaining fluid blown out. The 
poo:ed effluents were counted. 
Statistical Analysis 
Means were compared using the Duncan's multiple range test with 
the level of significance at a = 0.05. A Least squares method was 
uset to fit all of the linear lines in the figures (Ott, 1977). 
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RESULTS 
Vertebral Organ Cultures 
Tissue viability study 
This study was designed to: (l) verify the assumption that 
t he vertebral co lumn organ culture remained alive and produced 
collagen during incubation, and (2) determine the optimun incubation 
time. The results of this study showed that collagen synthesis was 
fairly linear with respect to incubation time within the limits of 
the study (see Table 2 and Figure 1). The amount of radioactively 
l abelled procollagen also increased, but the ratio of procollagen to 
collagen decreased. 
It was concluded that the tissue remained viable and produced 
collagen throughout incubation. 
Sodium cyanide study 
The purpose of this experiment was to determine the amount of 
free proline remaining in the matrix following the 0.1 N NaOH 
ext~action. Four vertebrae were incubated for 4 hr in media con-
taining 6 x 10-2 M sodium cyanide which inhibits res piration and 
subsequent collagen synthesis. There was also a media-only control 
consisting of 4 vertebrae. The collagen fraction was extracted 
out as stated in the materials and methods section, exc.ept extra 
precautions were taken to avoid contaminating the lab with toxic 
cyanide gas. 
Table 2. Time Course of Collagen Synthesis and Amount of Newly Synthesized Procollagen Remaining in the 
Cellular Fraction 
Incubation timea 
(Hr) 
4 
10 
20 
Collagenb 
d Number of pmol/mg samples 
1.1 ± 0.2 4 
2.9 ± 0.5 4 
4.3±0.7 5 
8.3±0.7 5 
Newly synthesized 
procollagen remainingc 
fmol/mg e 
--
14 ± 3. 7 
27 ± 6.3 
37 ± 8.9 
56 ± 9.0 
Number of 
samples 
2 
4 
5 
5 
Ratio f 
procollagen:collagen 
12.7 
9 . 3 
8.6 
6.7 
aVertebrae were incubated in media containing 3 ~Ci/ml 2,3- 3H- proline for various lengths of time 
bCollagen synthesis was measured by the amount of 3H-proline incorporated into the bone matrix 
cNewly synthesized procollagen remaining in the cells was measured by incubating the cellular fraction 
protein for 20 hr in a collagenase solution (Peterkofsky and Diegelmann, 1971)", precipitating the protein 
not digested by collagenase , and counting the supernate 
dMean ± SEM pmoles (l0-l2) collagen per mg dried vertebra 
eMean ± SEM fmoles (lo-15 ) procollagen per mg dried vertebra 
fmmoles procollagen per mole collagen 
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Figure 1. Amount of co l lagen produced during various 
periods of incubation. 
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The collagen fraction had a mean ~ SEM of 181 ~ 32 DPM/mg 
vertebrae incubated in media containing sodium cyanide as compared to 
595 ~ 103 in media only control. Sodium cyanide probably killed the 
cells instantly, and thus most of the radioactivity in the collagen 
fraction of the sodium cyanide treated preparations represented free 
proline not extracted out. The incubation media contained 3.2 ~Ci/ml 
of 2,3- 3H-proline and, therefore, 2.5 X 10-3% of total tritiated free 
proline was not extracted out. This value was used as a correction 
factor in the calculation of collagen synthesis in these tables. 
Hydralazine studies 
Two experiments were performed to determine if hydralazine, 
an inhibitor of collagen synthesis in chicken tibiae cultures, would 
produce a similar effect in fish vertebral cultures and could thus 
serve as a positive control for the toxaphene experiments that would 
follow. 
In both experiments, hydralazine failed to inhibit collagen 
synthesis (Tables 3 and 4). 
Toxaphene studies 
Incorporation of 3H- proline into bone matrix. Verbebral columns 
exposed to 2 . 4 X 10-4 M toxaphene produced significantly less 
cellular protein which contained proline (see Table 5) . There was 
also less collagen produced in this group; however, this was not 
significant at n = 0.05. 
Desi , et al. (1977) found that a concentration of 1.4 X 10-4 M 
DDT will decrease cell viability of monkey kidney cells in a monolayer. 
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Table 3. Effect of Varying Concentrations of Hbdralazine on Vertebral 
Collagen Synthesisa (First Experiment ) 
Hydralazine 
concentration fmol collagen/mg c Number of 
(M) cultures 
0 476 ± 118 4 
1.0 X 10-5 382 ± 35 4 
1.0 X 10-4 527 ± 92 4 
1.0 X 10-3 435 ± 114 4 
1.0 X 10-2 386 ± 48 4 
zine 
8 As measured by the incorporation of 3H-proline into bone matrix 
bVertebrae were inc~bated for 4 hr in media containing hydrala-
and 3.2 ~Ci/ml 2,3-4ff-proline 
~ean ± SEM fmoles collagen/mg of dried vertebra 
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Table 4. Effect of Varying Concentrations of Hydralazine on Vertebral 
Collagen Synthesisa (Second Experimentb) 
Hydralazine 
concentration 
(M) 
0 
2.0 X 10-6 
2.0 X 10-S 
2.0 X 10-4 
2.0 X 10- 3 
fmol collagen/mgc 
827 ± 64 
969 ± 62 
1015 ± 53 
1011 ± 83 
868 ± 62 
Number of 
c ultures 
4 
4 
4 
4 
4 
aAs measured by t he incorporation of la-proline into bone matrix 
bVertebrae were incuba ted for 4 hr in med i a containing hydrala-
zine and 0 . 8 ~Ci/ml 2,3-3H-proline 
~ean ± SEM fmoles collagen synthesized per mg dried vertebra. No 
significant differences were achieved 
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Table 5. Effect of Varying Concentrations of Toxaphene on Vertebral 
Collagen Synthesis as Measured by the Incorporat ion of 
3H-proline into Bone Matrixa 
Toxaphene 
concentration 
(M) 
0 
2.4 X 10-S 
2.4 X 10-7 
2.4 X 10-6 
2.4 X 10-S 
2 . 4 X 10-4 e 
pmol proline into 
cellular protein/mgb 
259 :!:: 16d 
270 :!:: 11d 
227 :!:: 13d 
245 :!:: 12d 
210 :!:: 30d 
118 :!:: 10£ 
fmol collagen/mgc 
110 :!:: 14d 
105 :!:: 5d 
115 :!:: 18d 
106 :!:: 18d 
110 :!:: 12d 
83 :!:: 16d 
aFour vertebrae per each treatment group were incubated in media 
containing various concent;;ations of toxaphene for 1 1/2 hr. They 
were then pulsed with 2,3-~-proline to give a final activity of 
8 ~Ci/ml and were incubated an additional 3 1/2 hr 
bMean :!:: SEM pmoles proline incorporated into cellular protein 
per mg dried vertebra 
cMean :!:: SEM fmoles collagen synthesized per mg dried vertebra 
d,fMeans in the same column with different superscripts are 
significantly different (p < 0.05) 
e2.4 X 10-4 had 1.5% dimethylformamide instead of 1% 
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Malat hion will decrease cell viability at a concentration of 
1.5 X 10-4 M and dioxacarb at 4.5 X 10-5 M. Therefore, the inhibi-
tion found in the vertebr al cultures exposed to 2 .4 X 10-4 M toxaphene 
was probably a r esult of decreased cell viability. This effect could 
have also been caused by the high concentration of dimethylformamide 
wh i ch was added to solubilize the toxaphene. 
Produc tion of trit iat ed water from prolyl hydroxylation. Figure 
2 shows the effect various resin leng t hs have on the Dowex- 50 mini 
column's efficiency of removing free proline. The resin length chosen 
to be used in the following experiment s was 25 mm. 
Ano ther finding pertinent t o this method was that blowing out 
the fluid that remained in these columns after collect ing t he 
effluent of the original and washes did not increase the amount of 
free proline passing through the columns. 
In the t oxaphene exposure s tudy , vertebral organ cultures in-
cubated in media containing 2.4 X 10-3 M t oxaphene produced s i gnifi-
cant l y less tri tiated wa t er from pr oline hydroxyla tion than did 
-7 - 6 those incubated in media containing 0, 2.4 X 10 M, 2 . 4 X 10 M, and 
2. 4 X 10- 5 M, as shown i n Table 6. This was probably a resul t of 
cellular death. 
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Appearance of H-hydroxyproline in tissue proteins. Vertebral 
columns incubated in 2. 4 X 10-3 M, 2 .4 X 10-4 M, and 2.4 X 10-6 M 
t oxaphene produced significantly less hydroxyproline than those 
-5 incub a t ed in 0 and 2.4 X 10 M. Those incubated in 2 . 4 X 10- 4 M 
had a significantly smaller proline pool than those incubated in 
0, 2 . 4 X 10-7 M, and 2.4 X 10-5 M; and those incubated in 2 .4 X 10-3 M 
-
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Effect of varying column lengt hs on the efficiency 
of Dowex- 50 in removing 4-~-proline. 
Table 6. 
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Effect of Varying Concentrations of Toxaphene on the 
Production of Tritiated Water from Prolyl Hydroxylationa 
Toxaphene 
concentration 
(M) 
0 
2.4 X 10-7 
2.4 X 10-6 
2.4 X 10-5 
2.4 X 10-4 d 
2.4 X 10-3 e 
DPM/mgb 
5891 ~ 983c 
6204 ~ 652c 
5831 :!: 1103c 
4206 :!: 705c,f 
4074 :!: 499c,f 
2486 :!: 22f 
aFour vertebrae were inCubated in media containing varying con-
centrations of toxaphene for 1 hr and then pulsed with 4-3H-proline, 
making the final ac.tivity of the media 10 ~Ci/ml. The cultures were 
then incubated for an additional 3 hr 
bMean ± SEM of tritiated water produced per mg dried vertebra 
c,fMeans in the same column with different superscripts are 
significantly different ( p < 0.05) 
d,eincubation contained 1.5% and 10% dimethy1formanide respec-
tively instead of 1% 
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had smaller proline pools than those incubated in 2.4 X 10-S M 
toxaphene (see Table 7). These reductions were probably caused by a 
decrease in tissue viability. The amount of radioactivity found in 
the hydroxyproline fraction was only about 1/6 the amount expected 
to be found. The variability was higher than expected, as well. 
Therefore, it was decided to determine the efficiency of extracting 
proline and hydroxyproline using this procedure. This was done by 
spiking tissue with 14c-proline and 3H-hydroxyproline, extracting 
the fractions using this procedure, and determining the recovery. 
Using the exact same procedure as before, the recovery was 
very low c~s% proline and "'1% hydroxyproline), but by decreasing 
the amount of tissue per sample needed to be oxidized and by increasing 
the amount of time the samples were vortexed during the toluene 
extractions, the recovery was finally increased to 28% ± 2% for 
hydroxyproline and 41% ± 3% for proline with very little proline 
being extracted in the hydroxyproline fraction and vice versa. 
Further modifications failed to increase the recovery. It was 
decided that these recoveries were too low; therefore, this 
method was not used again. 
&nount of 3H-proline incorporated into collagenase digestible 
protein. The results of the collagenase study (Table 8) show once 
again that toxaphene does not inhibit collagen synthesis in vertebral 
organ cultures. Also shown in Table 8, for comparison, is the amount 
of tritiated water produced during the incubation. 
Table 7. Effect of Varying Concentrations of Toxaphene on the 
Size of the Proline Pool and the Appearance of 
3H-hydroxyproline in Tissue Proteinsa 
Toxaphene 
toncentration 
(M) 
0 
2.4 X 10-7 
2.4 X 10-6 
2 .4 X 10-5 
2.4 X 10-4 e 
2.4 X 10-3 g 
Hydroxyproline 
955 :!: 275c 
556 :!" 18lc,d 
326 :!" !Old 
1079 :!" 178c 
124 + 58d 
158 :!" 26d 
DPM/mgb 
Proline 
10,729:!: 1,274 c,d 
9,578 :!" 1,532c,d 
8,452 :!: 1,183c,d,f 
11,687 :!" 969c 
4,773 + 1,419f 
6,413 :!" 594d,f 
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8 Four vertebrae were incubated in media containing varying con-
cen trations of toxaphene for 1 hr and then pulsed with 4-~-proline, 
naking the final activity of the media 10 ~Ci/ml. The cultures were 
:hen incubated for an additional 3 hr 
bMean ~ SEM DPM per mg dried vertebr a 
c,d,fMeans in the same column wi th different superscripts 
tre significantly different (p < 0 . 05) 
e,glncubation contained 1 .5% and 10% dimethy1formamide 
:espectively instead of 1% 
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Table 8. Ef fect of Varying Concentrations of Toxaphene on the Amount 
of 3H-Proline Incorporated into Protein Digestible by 
Collagenase and Tritiated Water Produced from Prolyl 
Hydroxylation a 
Toxaphene 
concentration 
(M) 
0 
2.4 X 10-6 
2.4 X 10-S 
fmol collagen/mgb 
71.8: 4.9d 
75.8:!: 5.ld 
109 .2 :!: 9.8e 
DPM ~0/mgc 
1,745:!: 16d 
1, 726 :!: 70d 
1 , 762:!: 225d 
~our vertebrae per group were incubated for 18 hr in 1:1 ratio 
of BGJb:MEM media. The samples were then pulsed with 4-3H-proline 
giving a final vo lume of 10 pCi/ml and incubated for an additional 
4 hr 
bMean ± SEM fmole collagen per mg non-dried vertebra 
~ean :!: SEM DPM tritiated water per mg non-dried vertebra 
d,~eans in the same column with different superscripts 
are significantly different (p < 0.05) 
Swim Bladder Organ Cultures 
Mayer and Mehrle (through personal communication) stated that 
toxaphene reduces the amount of collagen in swim bladders. To 
insure that the generally negative results obtained thus far were 
not artifactual caused by the lack of permeability of the dense 
bone tissue, the effect of toxaphene on swim bladder organ cultures 
was examined. 
Comparison of swim bladder collagen 
synthesis with vertebral collagen 
~thesis 
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Cultured swim bladders produced significantly more collagen per 
weight during a 4 hr incubation than did vertebrae (see Table 9). 
Toxaphene studies 
Toxaphene also failed to inhibit collagen synthesis in swim 
bladder organ cultures as measured by the tritium release assay 
(see Table 10) . 
BGJb media contains cold proline and ascorbic acid . Another 
experiment was performed using MEM media, which lacks proline and 
ascorbic acid, instead of BGJb media. The results of this 
experiment are also found in Table 10. The high variability in 
results was probably caused by variations in the pH. The color of 
the phenol red indicator in the media varied from sample to sample. 
This indicated that the pH varied from about 7.2 to 7.8 probab l y due 
to the leakage of co2 caused by a non-air tight seal on the incubation 
vials . 
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Table 9. Comparison of the Collagen Synthesis in Swim Bladder Organ 
Cultures with that in Verteb ral Organ Culturesa (Tritium-
Release Method) 
Tissue Type 
Swim bladder 
Vertebra 
10.3 ± 0.2c 
6.1 ± 0.2d 
Number of 
Samples 
3 
3 
~ertebrae and swim bladders from 3 fish were incubated 4 hr in 
media containing 15 ~Ci 4-~-proline 
bMean ± SEM DPM trit iated water produced per mg dried weight of 
swim bladder or vertebra 
c,~eans in the same column with different superscripts 
are significantly different (p < 0 . 05) 
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Table 10. Effect of Varying Concentrations of Toxaphene on Prolyl 
Hydroxylation in Swim Bladder Culturesa 
Toxaphene 
concentration 
lb 3b (M) Trial Trial- 2c Trial 
0 17 ± 3d + 38 - ld + 29 - 2d,e 
2.4 X 10-7 25 ± 2d 35 ± 3d 38 ± 4d 
2.4 X 10-6 19 ± 2d + 48 - 8d 28 ± 5d,e 
4.8 X 10-6 34 ± 8d 34 ± 3d,e 
2.4 X 10-5 20 ± 2d 47 ± 7d + 24 - le 
aAs measured by the amount of tritiated water produced 
bTest groups consisted of 4 (trial 1) or 5 (trial 2) swim bladder 
cultures which were incubated for 16 hr in BGJb media (trial 1) or 
MEM media (trial 3), containing toxaphene and 10 ~Ci/ml 4-3H-proline. 
Each value represents mean ± SEM DPM of tritiated water produced per 
g of dried tissue (trial 1) or mg of wet tissue (trial 3) 
cEach test group consisted of 6 swim bladder cultures which 
were incubated in MEM media containing toxaphene for l hr, pulsed 
with 4- 3H-proline making a final activity of 10 ~Ci/ml and incubated 
for an additional 16 hr. The tissues were not weighed ; however, 
from calculation of average swim bladder weights of other experiments 
a mean non-dried weight ± SEM of 32.4 ± 2.5 was obtaine d. This was 
used to estimate DPM/g values. Each value represents mean ± SEM 
d,eMeans in the same column with different superscripts are 
significantly different ( p < 0.05) 
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Another experiment was performed similar to the preceeding, 
except the MEM media lacked sodium bicarbonate, and the samples were 
incubated in a 100% 02 atmosphere instead of the 95% 02- 5% co2 atmos-
phere (see Table 10). Swim bladders incubated in 2.4 X 10-5 M toxaphene 
produced significantly less tritiated water from prolyl hydroxylation 
than did those incubated in 2.4 X 10-7 M. 
Prolyl Hydroxylase Assays 
Comparison between substrate grown 
from chick embryo and fish tissue 
The substrate grown from chick embryo frontal bone had more 
radioactivity per mg protein (5 x 105 DPM/mg) than did the s ub strat e 
from fish swim bladders and vertebrae (3 x 10 4 DPM/mg), even though 
the media in which the fish tissues were incubated had a greater 
concentration of 4- 3H-proline (80 ~Ci/ml compared to 40 ~Ci/ml) and 
a greater amount of tissue. Chick embryo frontal bone at 16 days is 
being developed at a rapid rate; and therefore, the cells in this 
bone are producing collagen faster than the cells in the fish tissue. 
In addition, embryonic tissue is easier to culture because it more 
readily adapts to the change in environment (Sharp, 1977). 
In an experiment where the final concentration of enzyme 
extrac t in the incubation mixture was 264 mg/1 using substrate from 
fish tissue, an apparent Km of 463 mg/1 and a Vmax of 16,364 DPM 
was estimated. When chick embryo substrate was used and the final 
concentration of enzyme extract was 925 mg/1, an apparent Km of 8.0 
mg/1 and Vmax of 5,921 DPM was estimated (see Figure 3) . 
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Effect of vary ing enzyme concentrations 
Figure 4 shows the effect varying concentrations of enzyme has 
on the amount of tritiated water produced from the hydroxylation 
of chick embryo s ubstrate. The curve appears to be sigmoidal instead 
of hyperbolic. Repeating the experiment using fish tissue, a 
similar curve was obtained. It was also found that at very high 
substrate concentrations (as shown in Figure 3), the addition of 
more substrate appeared to uncompetitively inhibit the amount of 
hydroxylation which took place . It appears that there may be 
something in the substrate preparation inhibiting the enzyme 
incubation mixture. 
Effect of toxaphene exposure on 
weight, length, and vertebral 
prolyl hydroxylase activity 
Fish exposed to toxaphene in vivo for 60 days were weighed, 
measured, and then the vertebrae from these fish were assayed for 
prolyl hydroxylase activity. Both length and weigh t of fish exposed 
to 47 and 200 ng/1 toxaphene were significantly reduced compared to 
those exposed to 36 and 112 ng/1 (Table 11). The prolyl hydroxylase 
activity in the vertebrae of those fish exposed to 150 and 200 ng/1 
toxaphene was significantly less than in those exposed to 0, 47, and 
63 ng/1. Fish exposed t o 84 and 112 ng/1 had signif icantly less 
prolyl hydroxylase activity than those exposed to 47 ng/1. 
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Table 11. Length, Weight, and Vertebral Prolyl Hydroxylase Activity 
of Fish Exposed to Toxaphene for 60 days 
Toxaphene 
concentration 
(ng/1) 
0 
36 
47 
63 
84 
112 
150 
200 
Length a 
(mm) 
57.8 := l.Oe,f 
58.4 := 0.6e 
54.8 :- 0.9f 
57.5 := 0.6e,f 
55.6 := 0.9e,f 
58.4 := o.8e 
57.8 ± o.8e,f 
55.1 := 0.8f 
~ean of 28 fish ± SEM 
Weight a 
(g) 
1.946 ± 0.104e,f 
2.042 := 0.068e 
1.652 ± 0.086£ 
1.902 ± 0.077e,f 
1.719 ± 0.102e,f 
2.088 ± 0.096 
1.989 ± 0.082e,f 
1.685 ± 0.084f 
Prolyl hydroxylase 
activityb,c 
DPM/mgd 
529 ± 106e,g 
333 ± 63e,f,g 
629 ± 117e 
533 ± lOe ,g 
430 ± 30e,f,g 
331 ± 3e,f,g 
222 ± 20f,g 
bVertebrae from 3 fish in each group were pooled together, 
weighed, and homogenized at a concentration of 150 mg/ml in 0.05 M 
tris-HCl (pH 7.6) 0.1 mM dithiothreitol 
~ean of a triplicate minus no enzyme controls ± SEM 
dDPM of tritiated water produced per mg protein in enzyme extract. 
Protein content found in the enzyme extract was 5.25, 6.74, 5.74, 
7.02, 6.67, 6.5, 6.88 and 8.66 ~g protein/mg bone 
e,f,9Means in the same column with different superscripts are 
significantly different (p < 0.05) 
45 
DISCUSSION 
Organ Culture Studies 
Results from the organ culture studies indicated that toxaphene 
does not directly inhibit collagen synthesis as measured four 
different ways. 
The first method of measurement was based on an extraction 
method of obtaining collagen (Flanagan and Nichols, 1962). It was 
chosen because it was also used by Mehrle and Mayer (1975b) to measure 
the decrease in collagen in fish chronically exposed to toxaphene. 
In the present study toxaphene failed to significantly decrease 
collagen synthesis, but it did significantly decrease the synthesis of 
cellular protein indicating a possible cytotoxic effect. 
Another method of measuring collagen synthesis was based on 
the amount of tritiated water produced by the release of tritium from 
4-3H- proline during procollagen hydroxylation. This method was 
the quickest but, from a theoretical standpoint, probably the least 
sound of all methods used to measure collagen synthesis. That is 
because some of the tritium could have been released through proline 
degradation. However, because of the large amounts of other amino 
acids and glucose in the media and the relatively short incubation 
times, proline degradation was thought to be minimal. It was found 
that the only toxaphene concentration which decreased collagen 
-3 
synthesis was 2.4 X 10 M, which was probably also caused by 
cytotoxicity. 
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The th i rd method used in measuring collagen synthesis was based 
on the amount of 3H-hydroxyproline produced during the incubation 
of tissue with 3H-proline. Hydroxyproline was also used as an 
index of co l lagen by Mayer and Mehrle (1977) in their chronic 
studies . The method used to isolate hydroxyproline in the organ 
culture study was that of Rojkind and Gonzalez (1974). This method 
was laborious and the recovery of hydroxyproline poor. The results 
showed that the vertebrae exposed to 2.4 X 10-3 M, 2 . 4 X 10-4 M, and 
2.4 X 10-6 H toxaphene produced less collagen. 
Las t ly, collagen synthesis was measured in vertebral organ 
cultures by the amount of collagenase-digestible protein present. 
Collagenase is an enzyme that is very specific for collagen, and 
thus the amount of 3H-prolyl amino acids freed from acid precipitated 
protein by collagenase digestion serves as an index of the amount of 
collagen synthesized. In trials using this method, toxaphene failed 
to inhibit collagen synthesis. 
To assure further that the failure to obtain inhibition of 
collagen synthesis in these vertebral organ cultures was not due to 
impermeabilit y of the bone tissue toward toxaphene, tritium-release 
assays were performed on swim bladder cultures; as was the case in 
vertebral organ cultures, the results with toxaphene were negative. 
The incubation medium was also varied from one containing 
proline and ascorbic acid to one lacking these two nutrients, and in 
general toxaphene still failed to inhibit collagen synthesis. 
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It was concluded, therefore, that toxaphene does not directly 
inhibit collagen synthesis. How, then, might toxaphene exposure of 
fish result in defective vertebral collagen? There are at least 
two possible explanations: (1) It is a metabolite of toxaphene which 
inhibits collagen synthesis, and (2) toxaphene inhibits collagen 
through some indirect mechanism. These possibilities are considered 
in turn as follows: 
Metabolism of toxaphene 
Although rats and other mammals are known to metabolize toxa-
phene by microsomal oxidation (Chandurakar and Matsumura, 1979) 
and reductive dechlorination (Saleh, Turner, and Casida, 1977), very 
little is known about toxaphene metabolism in fish. Schaper and 
Crowder (1976) exposed mosquito fish (Gambusia affinis) to 36cl-toxa-
phene for 8 hr and found no evidence of toxaphene metabolism taking 
place. Further studies of toxaphene metabolism in fish are necessary 
before an assessment can be made of its importance to exposed fish. 
Possible indirect mechanisms 
Several indirect mechanisms merit consideration. These include: 
Hormonal interaction. Peakall (1976) found that a single dose 
of 120 mg/kg toxaphene increased the liver weight and hepatic 
microsomal enzyme activity of rats within 5 days and decreased the 
plasma testosterone level within 15 days after exposure. They 
concluded that the decreased testosterone level was the result of 
microsomal enzyme induction. The reduced hormonal level may have 
effects on receptor organs in that Orberg and Lundberg (1974) 
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reported that DDT and PCB, well known microsomal enzyme inducers, 
decreased the weights of testes and seminal vesicles of certain rats. 
Bone synthesis is regulated by a number of different hormones. 
If toxaphene induced fish hepatic microsomal enzymes, and if this 
induction reduced the level of a certain hormone, at a crucial time, 
this could explain the reduced vertebral collagen found in chronically 
exposed fish by Mayer and Mehrle (1977). 
Chronic subtonic contractions causing localized trauma. Coach , 
Winstead, and Goodman (1977) found that sheepshead minnows (Cyprinodon 
variegatus) exposed to kepone, a chlorinated hydrocarbon, developed 
scoliosis. Histological examination of the curved spine area re-
vealed that normal muscle bundle patterns were broken and myotome 
boundaries ooscured by abnormally contorted and twisted muscle 
bundles. Endrin, another chlorinated hydrocarbon (Hansen, Schimmel, 
and Forester, 1977), and malathion, an organophosphate insecticide 
(Weis and Weis, 1976) also induced scoliosis in sheepshead minnow 
embryos. These are typical of the many reports relating prolonged 
exposure to chemicals and vertebral defects. 
Bengtsson (1979) reviewed chemical exposures and other condi-
tions capable of inducing vertebral deformation in fish. Table 12, 
a composite of tables found in the Bengtsson article, lists the 
many different causative factors. 
It is possible that chronic toxaphene exposure (as well as a 
number of other agents listed in Table 12) may cause subtonic 
contraction in certain muscles causing the spine of these fish to 
curve. Such added pressure on the bone might then result in 
Table 12. Physical, Chemical and Biological Agents Causing Vertebral Deformation in Fisha 
Physical Agents 
Unsuitable water temperature 
Low level of dissolved o~ygen 
Radiation (x and uv-irradation) 
Electric current 
Trauma 
Chemical Agents 
Chlorinated hydrocarbons 
1 . Toxaphene 
2. DDT 
3 . Kepone 
4. Endrin 
Organophosphorus pesticides 
1. Malathion 
2. Parathion 
3. Phosalone 
4. Demeton 
Dispersed crude oil 
Heavy 
1. 
2 . 
3. 
metals 
Zn 
Cd 
Pb 
aFor references see Bengtsson (1979) 
Biological Agents 
Hereditary factors 
Defective embryonic development 
Dietary vitamin deficiencies 
Parasitic infections 
.., 
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development of secondary cartil age. Pritchard (19 72) s t a ted that 
such cartilage is formed by cells which normal l y form bone but, 
because of local trauma, form cartilage. This could explain the 
change in the amino acid composition of vertebral collagen in 
fathead minnows exposed to toxaphene (Mehrle and Mayer, 1975b) 
because cartilage consists mostly of type II collagen which is made 
· up of 3 a-1 chains while bone contains mostly type I collagen con-
sisting of 2 a-1 and 1 a-2 chains (Minor, 1980). Thus a change 
from bone to secondary cartilage would change the overall amino 
acid composition of collagen. 
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Loca lized ascorbic acid deficiency in tissue. The findings 
from the organ culture studies add support to the ascorbic acid 
deficiency hypothesis by eliminating direct action as a possible 
mechanism of toxaphene-induced collagen inhibition. The ascorbic 
acid deficiency hypothesis assumes that toxaphene metabolism in 
exposed fish may have used up ascorbate or changed the ratio of 
reduced/oxidized ascorbate resulting in a shortage in the vertebra. 
Fish lack the capability of synthesizing their own physiologically 
needed ascorbate and, therefore, must obtain all of it from the diet 
(Chatterjee e t al., 1975). If the die t of exposed fish contained 
only enough ascorbate for normal functions under unstressed condi-
tions, then a stressful condition such as toxaphene exposure might 
be enough to cause a localized tissue shortage of ascorbate. 
It is not known exactly how toxaphene could reduce the vertebral 
ascorbic acid level. Ascorbate is capable of being an electron donor, 
producing ~irst monodehydroascorbate and then dehydroascorbate (Weis, 
1975). Ascorbate might somehow be used in the electron transport 
aspect of toxaphene metabolism in fish. 
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Several aspects of ascorbate function; however, impinge on the 
process of collagen and bone development. 
Ascorbic acid may be used as ascorbate 2-sulfat e in the meta-
bolism of certain compounds . Hornig (1975) and Tolbert et al. (1975) 
reported that ascorbate 2- s ulfate may be used in the sulfation of 
polysaccharides as in cartilage developme nt and cholesterol i n 
mammals. It is possible that ascorba t e 2-sulfate may be even more 
important in fish metabolism than in mammals in that it has been 
found to be the major urinary metaboli t e of ascorbic acid in trout 
(Hal ver et al., 1975). Further studies would be needed to determine 
the rol e of ascorbate 2- sulfate in the toxicology and metabolism of 
toxaphene · and other xenobiotics in trout. 
Ascorbate is also needed to activate latent pr olyl and l ysyl 
hydr oxyl ase enzymes (Cardinale et al., 1975). Other r educing agents 
such as reduced pte r idines, thio compounds (cysteine and dithiothrei-
tol), and various isomers o f ascorbate are capable of r eplacing 
ascorbate, in vitro ; however, ascorbate is generally found to be the 
most effective reduc t ant . There is no ev idence that any o ther reduc-
tant can r eplace ascorbate in the hydroxylation of pr o l i ne and l ysine, 
in vivo (Barnes, 1975). 
Collagen prolyl hydroxylati on was found t o be only sl i ghtly 
reduced in scorbutic guinea pigs . I t appears that i f t h e collagen 
is more than 5-10% underhydroxylated it fai l s to form a tripl e 
helix and is degraded. The resul t i ng unassociated ~-chains may 
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also accumulate and cause a f eedba ck i nhi bition of fur t her collagen 
synthesis (Barnes, 1975). 
Based on results of the present s t udy , it appears that in fish 
underhydroxylated collagen may ac tually be secreted and incorporated 
in the matrix of the bones. Hydralazine, an iron chelating inhibitor 
of chick prolyl hydroxylase, failed to decrease the amount of newly 
synthesized collagen incorporated into the matrix of fish vertebral 
organ cultures . Therefore, unless hydralazine is not an inhibitor 
of fish proly l hydroxylase, it appear s that underhydroxylated collagen 
is incorporated into the bone matrix of fish vertebral cultures. 
Prolyl Hydroxylase Enzyme Studies 
The results of the prolyl hydroxylase assay on fish exposed to 
toxaphene were not conclusive becaus e of the small number of tissue 
samples and replicates; however, t oxaphene exposure appeared to de-
crease prolyl hydroxylase activity i n a dose dependent manner. This 
apparent decrease in activity c ould r esult from a decrease in the 
amount of prolyl hydroxylase present , or i t mi gh t reflect altered 
enzyme properties. As the ass ay o f en zyme activ ity was carried out 
in the presence of saturating ascorbate, any ascorbate deficiency 
hypothesis would have to concern t he t urnover a nd functional pro-
perties of this enzyme during chroni c t oxaphene exposure. Further 
studies are needed to clarify t he caus e of this decreased activity. 
Chick embryo substrate appears t o be easier to grow than fish 
tissue substrate and the less expensive , r equir i ng l ess radioactivity 
in the media to produce a subs t r ate having a higher amount of 
radioactivity per mg protein. It is, therefore, recommended that 
the substrate be grown from chick embryo frontal bones. 
Further purification of substrate is also recommended in that 
there appears to be something in the substrate preparation which 
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may be slightly inhibiting the enzyme, as indicated by the following 
results: (1) The curve showing the effect of varying enzyme con-
centrations on amount of tritiated water produced was found to be 
sigmoidal instead of hyperbolic. (2) At substrate concentrations well 
above that required to saturate the enzyme, the addition of more 
substrate decreased the amount of hydroxylation which took place. 
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SUMMARY 
The purpose of this thesis was to determine if the reduction of 
collagen in fish exposed to toxaphene was the result of a direct 
mechanism such as direct inhibition of one of the many enzymes in-
valved in collagen synthesis. This mechanism was investigated by 
incubating organ cultures consisting of vertebrae or swim bladders in 
media containing 3H-proline and then measuring the amount of the 
following parameters of collagen synthesis: (1) 3H-proline incor-
porated into the matrix of the vertebra, (2) 3H-hydroxyproline in 
tissue protein, (3) tritiated water produced during the hydroxylation 
of 3H-proline, and (4) 3H-proline released during the collagenase 
digestion of tissue protein. Except at concentrations judged to be 
cytotoxic, toxaphene generally did not decrease collagen synthesis 
as measured by these parameters. Therefore, it was concluded that 
toxaphene does not inhibit collagen synthesis through a direct 
mechanism. Two plausible explanations were discussed: (1) a meta-
bolite of toxaphene causes the in vivo inhibition, (2) toxaphene 
inhibits collagen synthesis through an indirect mechanism. Also 
discussed was how these findings relate to the most popular hypothesis 
on the mechanism of toxaphene-induced collagen inhibition, the ascorbic 
acid deficiency hypothesis. 
These results were compared with results from a prolyl hydroxy-
lase enzyme study on fish exposed to toxaphene in vivo in which re-
duction of length, weight, and prolyl hydroxylase activity was found 
in those fish exposed to high concentrations of toxaphene. 
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Table 13. Sources of Chemicals Used in This Investigation 
Chemicals 
Medias and additives 
BGJb media 
MEM media 
Dimethylformamide 
Bovine serum albumen (BSA) 
Fetal calf serum (FCS) 
Gentamicin sulfate 
Sodium penicillin G-streptomycin sulfate 
Hepes buffer 
Sodium bicarbonate 
Toxaphene 
Sodium cyanide 
Hydralazine 
2,3-3H-proline (specific activity 20 Ci/mmol) 
4-3H-proline (specific activity 15.59 Ci/mmol) 
Chemicals used for collagen analysis 
Chloramine-T 
Citric acid 
Glacial acetic acid 
Hydrochloric acid 
Sodium acetate 
Sodium thiosulfate 
Hydroxyproline 
4-3H-hydroxyproline (specific activity 5.4 Ci/mmol) 
u-14c-proline (specific activity 295 mCi/mol) 
Proline 
Sodium hydroxide 
Collagenase (type VI) 
N-ethylmaleimide 
Trichloroacetic acid 
Disodium EDTA 
Sodium chloride 
Calcium chloride 
Chemicals involved in preparing samples 
for scintillation counting 
Toluene 
Dioxane 
70% Perchloric acid 
30% Hydrogen peroxide 
Cellosolve (2-ethoxyethanol) 
Company or 
Individual 
Gibcoa 
Gibcoa 
Bakerb 
Sigmac 
Difcod 
Sigmac 
Gibcoa 
Gibcoa 
Fishere 
Mayer£ 
Mallinckrodtg 
Sigmac 
NENh 
NENh 
Sigmac 
Mallinckrodtg 
Bakerb 
Fishere 
Bakerb 
Fishere 
Sigjllac 
NENh 
NENh 
NBci 
Fishere 
Sigmac 
Sigmac 
Mallinckrodtg 
Bakerb 
Fishere 
Mallinckrodtg 
Aldrichj 
Fishere 
Mallinckrodtg 
Fishere 
Eastmank 
Naphthalene ICNl 
POPOP (1,4-bis-2-(4-methyl-5-phenyloxazolyl) -benzene) ICNl 
POP ( 2, 5 - diphenyloxazole) ICNl 
Chemicals used in prolyl hydroxylase 
enzyme assay 
3,4- 3H-proline (specific activity 25 Ci/mmol) 
Tris-HCl 
Ammonium sulfate 
Cl,Cl'-dipyridyl 
D,L-dithiothreitol 
Ascorbic acid 
Catalase 
Cl-ketoglu taric acid 
Ferrous ammonium sulfate 
Dowex-50-X4 resin 
Chemicals used for Lowery protein 
anal ysis 
NENh 
Sigmac 
MCBm 
Eastmank 
Sigmac 
Sigmac 
Sigmac 
SigmaC 
Bakerb 
Bio-radn 
63 
Sodium carbonate 
Sodium potassium tartrate 
Cupric sulfate 
Phenol reagent 
Mallinckrodtg 
Allied0 
Fishere 
Fishere 
aGrand Island Biological Company, Grand Island, NY 
bJ. T. Baker Chemical Company, Phillipsburg, NY 
cSigma Chemical Company, St. Louis, MO 
dDifco Laboratories , Detroit, MI 
eFisher Scientific Company, Pittsburgh, PA 
fThe same lot of t oxaphene used by Mayer and Mehrle in their 
chronic toxaphene studies on fish. F. L. Mayer, National Fisheries 
Research Laboratory, Columbia, MO 
~allinckrodt, Inc., St. Louis, MO 
hNew England Nuclear, Boston, MA 
~utritional Biochemicals Corporation, Cleveland, OH 
j Aldrich Chemical Company, Milwaukee, WI 
~astman Kodak Company, Rochester, NY 
1ICN Chemical and Radioisotope Division, Irvine, CA 
~theson Coleman & Bell Manufacturing Chemists, Norwood, OH 
~io-rad Laboratories, Richmond, CA 
0 General Chemical Division, Allied Chemical and Dye Corporation, 
New York, NY 
